Calcium ions play a critical role in neurotransmitter release. The cytosolic Ca 2+ concentration ([Ca2+] ,,) at nerve terminals must therefore be carefully controlled.
Several different mechanisms, including a plasmalemmal Na/Ca exchanger, are involved in regulating [Ca*+& We employed immunofluorescence microscopy with polyclonal antiserum raised against dog cardiac sarcolemmal Na/Ca exchanger to determine the distribution of the exchanger in vertebrate neuromuscular preparations.
Our data indicate that the Na/Ca exchanger is concentrated at the neuromuscular junctions of the rat diaphragm.
The exchanger is also present in the nonjunctional sarcolemma, but at a much lower concentration than in the junctional regions. Denervation markedly lowers the concentration of the exchanger in the junctional regions; this implies that the Na/Ca exchanger is concentrated in the presynaptic nerve terminals. In Xenopus laevis nerve and muscle cell cocultures, high concentrations of the exchanger are observed along the neurites as well as at the nerve terminals. The high concentrations of Na/Ca exchanger at presynaptic nerve terminals in vertebrate neuromuscular preparations suggest that the exchanger may participate in the Ca-dependent regulation of neurotransmitter release. The Na/Ca exchanger is also abundant in developing neurites and growth cones, where it may also be important for Ca*+ homeostasis.
Numerous cellular functions in higher organisms are governed by changes in the cytosolic free calcium concentration, [Ca2+lcyt. In neurons, for example, [Ca*+] ,, regulates such diverse processes as transmitter release, potassium conductance, various enzyme activities, growth cone motility, and axoplasmic transport (reviewed in Blaustein, 1988a,b) . Consequently, [Ca2+lcyt must be spatially and temporally controlled. One of the mechanisms involved in controlling [Ca*+]+ in neurons is the plasmalemmal Na/Ca exchanger (Sanchez-Armass and Blaustein, 1987; Blaustein, 1988a; DiPolo and Beauge, 1990) . This ex-changer can transport Ca*+ either into or out of cells, depending upon the prevailing Na+ electrochemical gradient. The distribution of the Na/Ca exchanger in neurons, and its precise role in neuronal function are uncertain. However, studies of the influence of the Na+ gradient on Ca2+ fluxes in nerve terminals (Blaustein et al., 1991; Fontana and Blaustein, 199 1) and on neurotransmitter release (Meiri et al., 198 1; Atwood et al., 1983; Misler and Hurlburt, 1983; Zucker et al., 199 1) raise the possibility that the Na/Ca exchanger may be concentrated in nerve terminals.
Polyclonal antibodies raised against the partially purified Na/ Ca exchanger from dog heart react with proteins of molecular masses of about 140-160, 120, and 70 kDa from dog cardiac sarcolemma (Philipson et al., 1988; Ambesi et al., 1991) and with similar molecular mass proteins from rat brain (Yip et al., 1992; see also Results) . This suggests that brain and heart contain Na/Ca exchangers that are structurally similar; they also have similar kinetic properties (Blaustein et al., 199 1; Fontana and Blaustein, 199 1) . The 70 kDa polypeptide appears to be a proteolytic fragment of the exchanger (Nicoll et al., 1990) . It is unclear whether the 120 kDa or the 140-l 60 kDa peptide is the native protein. Nicoll et al. (1990) have suggested that the 120 kDa protein corresponds to the mature, glycosylated Na/Ca exchanger. The higher-molecular-weight polypeptide, which is usually most prominent under nonreducing conditions (Nicoll et al., 1990; Durkin et al., 1991a,b; Yip et al., 1992) , especially after boiling (Durkin et al., 199 la) , may reflect a change in the conformational state of the exchanger during preparation for SDS-PAGE (Durkin et al., 1991a,b) .
In the present study, we employed immunofluorescence techniques with polyclonal antiserum raised against the dog heart Na/Ca exchanger to determine the distribution of the exchanger in a readily accessible preparation, the vertebrate neuromuscular junction (NMJ). One aim of this study was to test the prediction that the Na/Ca exchanger may be concentrated at nerve terminals.
Materials and Methods
Zmmunoblotting. Particulate fractions (containing plasma membranes) were prepared from Polytron (Brinkmann, Westbury, NY) homogenates of tissues (adult rat brain, spinal cord, sciatic nerve, and skeletal muscle; Xenopus luevis brain) by centrifuging at 16,000 x g for 10 min at 4°C. Proteins from the pellets were solubilized by boiling (5 min) in SDS buffer containing 15 mM dithiothreitol, and were separated by SDS-PAGE (Yip et al, 1992) . The proteins were transferred to nitrocellulose (Yip et al., 1992) , which was subsequently incubated with immune serum (Ambesi et al., 1991) or preimmune serum (1:500 dilutions) overnight at 4"c, and then with 5 x lo5 cpm/ml lZSI-protein A (Amersham. Arlinaton Heiahts. IL) for 2 hr at room temnerature. The immu&blots were analyzed by autoradiography on Kodak (Rochester, NY) X-Omat AR film.
Polyclonal antiserum directed against partially purified dog heart sarcolemmal Na/Ca exchanger was employed for these studies. This antiserum was raised in rabbits, as described previously (Ambesi et al., 1991) .
Zmmunocytochemistry. Diaphragms from adult rats were frozen in a slush of liquid N2. Cryosections, 4 pm thick, were cut through the innervated portions of the muscle. The sections were incubated in antiserum or preimmune serum, both diluted 1: 1000, followed by 10 & ml affinity-purified fluoresceinated goat anti-rabbit IgG secondary antibody (Jackson Immunoresearch, West Grove, PA). Tetramethylrhodamine-a-bungarotoxin was included with the secondary antibody to label acetylcholine (ACh) receptors. Fluorescent images were observed with a Zeiss IM-35 microscope and photographed on Kodak TMAX 3200 film processed to an ASA of 1600.
Nerve and muscle cell cocultures were prepared from Xenopur embryos (Anderson et al., 1977) . Cultures (2-4 d) were labeled with tetramethylrhodamine-cu-bungarotoxin and fixed with formaldehyde-cyclohexylamine fixative [OS% paraformaldehyde, 75 mM cyclohexylamine, 10 mM MgCl,, and 10 mM PIPES (1 ,4-piperazine diethane sulfonic acid) at pH 6.5; Luther and Bloch, 19891 ..The cultures were permeabilized for 5 min in 0.5% Brij 58 (Sigma, St. Louis, MO) prepared in the same fixative, and washed twice with a solution containing 10 mM MgCl, and 75 mM Tris, pH 7.4. Nonspecific binding was blocked by in&bating the cultures for 30-60 min in a solution-containing 0.1% bovine serum albumin. 0.5 mM NaCl. 10 mM M&l,. 10 mM NaN,. and 75 mM Tris, pH 7.4. The cultures were then in&bated overnight-(4°C) with the antiserum (diluted 1: 1000) or with affinity-purified anti-Na/ Ca exchanger antibodies (0.5 &ml) or similarly treated preimmune serum. After three washes in the blocking buffer, the cultures were incubated overnight in affinity-purified fluoresceinated goat anti-rabbit IgG (5 &ml). Fluorescent images were collected with a slow-scan chargecoupled device camera (Star 1, Photometrics, Tucson, AZ) attached to a Zeiss IM-35 microscope.
Preparation ofaffinity-purified anti-NaJCa exchanger antiserum. Cardiac sarcolemmal proteins, separated by SDS-PAGE, were transferred onto Immobilon-P (Millipore, Bedford, MA). The 140, 120, and 70 kDa bands were identified with the polyclonal anti-Na/Ca exchanger antiserum (Ambesi et al., 1991) . Strips containing these bands were removed and exposed to a 500-fold dilution of the antisemm. The antibodies were eluted with a glycine-HCl buffer (pH 2.8). "Affinitypurified" fractions from preimmune serum were obtained in identical fashion.
Results
Immunoblot identification of the NaKa exchanger A polyclonal rabbit antiserum raised against purified canine cardiac Na/Ca exchanger (Ambesi et al., 1991) was used to identify the Na/Ca exchanger in neuronal preparations. The immunoreactivity of particulate fractions (containing plasmalemma) prepared from homogenates of rat cerebral cortex, spinal cord, and sciatic nerve were compared (Fig. 1, lanes 2-4) . Little specific labeling was detected in the sciatic nerve fraction, but fractions from the brain and spinal cord exhibited crossreacting bands that were similar to those seen in canine cardiac preparations (Nicoll et al., 1990; Ambesi et al., 199 1; Yip et al., 1992) . Similar high-molecular-weight bands (about 135,000-165,000) from the particulate fraction of a homogenate of Xenopus brain also specifically cross-reacted with the antiserum (Fig.  1, lane 7) . This evidence that the exchanger in the nervous system of lower vertebrates is immunologically and structurally similar to the exchanger from canine cardiac sarcolemma implies that the exchanger is highly conserved. Cross-reactivity of protein from the particulate fraction of rat skeletal muscle homogenates was also observed at 170 and 120 kDa, but the strongest specific cross-reactivity was seen at about 220 kDa (Fig. 1, lane 1) . The significance of this apparently high-molec- ular-weight band is unclear; it may represent a form of the exchanger unique to skeletal muscle.
Immunolocalization of NaKa exchanger in rat diaphragm
This antiserum was used as a probe to determine the distribution of Na/Ca exchangers at NMJs by indirect immunofluorescence. In cryosections of rat diaphragm muscle, labeling by anti-exchanger antibodies is concentrated at NMJs (Fig. 2,4) identified by labeling the sections with fluorescent a-bungarotoxin (Fig.  2B,D,F) , a specific probe for ACh receptors. Comparison of the labeled sections (Fig. 24 with controls incubated in preimmune serum (Fig. 2C) indicates that extrajunctional sarcolemma was also specifically labeled, but at a much lower level relative to the intense labeling of the synaptic regions.
We did not observe labeling for the Na/Ca exchanger in extrasynaptic nerve cut in cross section (Fig. 2G) or longitudinally (not shown), although the antibodies had access to the axoplasm (Fig. 2H) ; this raises the possibility that the exchanger is concentrated at the presynaptic terminals. Further evidence for this possibility was obtained by labeling rat diaphragm that had been denervated for 5 weeks before freezing and sectioning. Comparison of Figure 2 , A and E, indicates that synaptic labeling for Na/Ca exchanger was reduced by denervation. Some labeling is expected at the denervated synapse because, even though the sarcolemma is only lightly labeled, postjunctional folds increase the membrane surface area at this site. Immunofluorescent labeling of NaKa exchanger in cryosectioned rat diaphragm. A, Cross-se0 tioned myofibers were incubated with anti-NaKa exchanger antisentm followed by a fluorescein-conjugated secondary antibody. 3, The same section labeled with rhodamine-ol-bungarotoxin to localize NMJs. Anti-exchanger labeling is concentrated at the NMJs. C and D, Similar to A and B, respectively, but incubated with preimmune rabbit serum; no labeling is seen in C. E and F, Similar to A and B, respectively, but from a diaphragm that had been denervated for 5 weeks. Labeling in junctional regions is greatly reduced. G, Cross section of rat phrenic nerve incubated with anti-Na/Ca exchanger antiserum, followed by tluorescein-conjugated secondary antibody. No labeling is seen in the axolemma. H, Cross section of nerve incubated with anti-spectrin antibodies, followed by fluorescein-conjugated secondary antibody. The axonal membranes are labeled (arrows), demonstrating that antibodies have access to the cytoplasmic surface of the axolemma in these preparations. Immunofluorescent labeling of Na/Ca exchanger at a synapse between cultured Xenopuc nerve and muscle cells. A, Cells labeled with affinity-purified anti-Na/Ca exchanger antibodies followed by a fluorescein-conjugated secondary antibody. B, Postjunctional ACh receptors in the same cells labeled with rhodamine-conjugated a-bungarotoxin. C, Differential interference contrast micrograph of the same cells. Note that the entire length of the axon is labeled by anti-Na/Ca exchanger antibodies, even in the region where the nerve and muscle cells are not in contact (arrows in A and C), whereas cr-bungarotoxin labels perijunctional (arrowheads in B and C) as well as junctional ACh receptor aggregates. Scale bar, 5 pm.
Immunolocalization of Na/Ca exchangers in Xenopus nerve and muscle cell cocultures The preceding observations establish that the Na/Ca exchanger is concentrated at NMJs. They are consistent with an enrichment of the exchanger in the presynaptic terminal, but they are not definitive because of the persistent postjunctional labeling after denervation. Additional studies on the distribution of the Na/Ca exchanger were therefore performed on cocultures of Xenopus nerve and muscle cells. These preparations have several important advantages. NMJs form between individual cells in this system; thus, the distribution of the exchanger can be evaluated at intact synapses without sectioning. Furthermore, these synapses do not have Schwann cells or postjunctional folds (Weldon and Cohen, 1979) , so interpretation of synaptic labeling is unambiguous. Figure 3A shows the results obtained when cultured NMJs were labeled with affinity-purified anti-Na/Ca exchanger antibody. Intense labeling was limited to the neuron, which is visible in the interference-contrast micrograph of the same synapse (Fig. 3C) . Labeling did not extend beyond the nerve contact as postjunctional ACh receptor aggregates do (Fig.  3B, arrowhead) . Figure 4 displays the superimposed, pseudocolor distribution of the Na/Ca exchanger (green) and ACh receptors (red) from Figure 3 , A and B, respectively; the myocyte and neuron (from Fig. 3C ) are shown in blue. The fact that intense anti-exchanger labeling was confined to the neuron was most evident at synapses where part of the nervemuscle contact was inadvertently disrupted during processing (Fig. 5A-C) .
Labeling of cultured Xenopus neurons with anti-NaJCa exchanger antibody was not continuous, but occurred as small (~0.5 pm diameter) patches (Figs. 3A; SA,D,E). This pattern did not appear to be a fixation artifact, as similar patches were observed in cultures fixed with formaldehyde (not shown), formaldehyde/amine (see Materials and Methods), or cold organic solvents (acetone, ethanol; not shown). Furthermore, these patches were observed whether the cultures were permeabilized with Brij 58 (see Materials and Methods) or saponin (not shown). A similar patchy distribution has been observed in cultured rat hippocampal neurons (R. K. Yip and M. P. Blaustein, unpublished observations) . A much finer, punctate distribution of label was seen in cultured vascular smooth muscle cells . Similar punctate labeling was also observed on the Xenopus muscle cell surface (not shown). This labeling was much dimmer and more diffuse than that in the neurons, and was comparable in intensity to the low level of labeling observed in the extrajunctional sarcolemma of mammalian skeletal muscle ( Fig. 2A,E) . The cultures had to be permeabilized, however, for such labeling to be detected in both the neurons and myocytes, Figure 4 . Three pseudocolor images from the data in Figure 3A -C, respectively, superimposed to show the distribution of the Na/Ca exchanger. Fluorescent labeling for the Na/Ca exchanger is shown in green, and for the postjunctional ACh receptors, in red; the nerve and muscle cells are shown in blue. For clarity, the green image was subtracted from the red and blue images to eliminate overlap of the colors. presumably because most of the epitopes recognized by the antiserum used for these experiments were located at the cytoplasmic face of the plasmalemma.
Punctate labeling of the Na/Ca exchanger was not limited to NMJs in the cultured neurons, but extended along the entire length of the axon (Figs. 34 54) . Labeling was also observed on growth cones (Fig. 5D) and in the soma, where it was apparent that the patches of exchanger were limited to the cell surface (Fig. 5E ).
Discussion
The NaKa exchanger is concentrated at nerve terminals and in other neuronal regions where there may be a large turnover of Ca2+ The data from cryosectioned rat diaphragm (Fig. 2) demonstrate that high densities of Na/Ca exchanger molecules are specifically localized at NMJs. The results from the Xenopus coculture systern (Figs. 3-5 ) establish that exchanger molecules are present in the neuron, where they are organized into microdomains. The immunoblot data (Fig. 1) indicate that the exchanger is present in much higher density in nervous tissues of adult rats that contain synapses (cerebral cortex and spinal cord) than in peripheral nerve. These findings all suggest a predominantly presynaptic location of the Na/Ca exchanger. They are consistent with physiological studies on rat brain synaptosomes that indicate that the density of exchanger in nerve terminals is high enough to mediate a large Ca*+ flux (about 1.5-2 nmol Ca*+/ mg protein/set) (Blaustein et al., 199 1; Fontana and Blaustein, 1991) .
The immunofluorescence data demonstrate that the NaKa exchanger in neurons is also concentrated in the plasmalemma of growth cones and developing axons, and is present at lower concentrations in the plasmalemma of cell bodies and mature axons. This distribution may reflect the relative rates of trans-membrane transport of Caz+ in these regions. In developing neurons, Ca*+ (much of it derived from the extracellular fluid) plays critical roles in motility (Rater et al., 1988; Rater and Mills, 1991) and excitability (Baccaglini and Spitzer, 1977; Spitzer, 1979) . In the axons and cell bodies of mature neurons, Ca*+ may simply serve a "background role," and may help to mobilize metabolic machinery (Hille, 1992) . The limited traffic of Ca2+ across the plasma membrane at these sites may require only low levels of Na/Ca exchanger to help maintain [Ca2+]cyl
The activity (turnover) of the NaXa exchanger is low in most cells under resting conditions because both Ca2+ influx and efflux mediated by the exchanger are half-maximally activated by [Ca2+leyl of 2 1 O-6 M (Blaustein et al., 199 1; Fontana and Blaustein, 199 1) . During nerve depolarization, Ca2+ entering through voltage-gated channels will raise [Ca*+]* and saturate regulatory and transport sites on the exchanger, but the electrical driving force will oppose Ca2+ efllux via the voltage-sensitive NaKa exchanger. Upon repolarization, however, with a high [Ca2+lm, the electrical driving force will exceed the exchanger's reversal potential and will strongly favor Ca*+ extrusion via the exchanger (Blaustein, 1989) . Thus, the exchanger may play a key role in the extrusion of Ca*+ during recovery following activation (Sanchez-Armass and Blaustein, 1987; Fontana and Blaustein, 1991) . This could be especially important at nerve terminals and growth cones, and perhaps at dendritic spines (Westenbroek et al., 1990) , where Ca*+ influx is large and the cell surface:volume ratio is high. Figure 5 . Immunofluorescent labeling of Na/Ca exchanger in cultured Xenopus neurons. A-C, A neuron labeled with affinity-purified anti-Na/Ca exchanger (A) was displaced from the postjunctional region (arrow in B) during tissue processing. C, Differential interference contrast micrograph of the same cells. The position of the neuron is indicated bv the arrowheads in A-C. D, Neuronal growth cone labeled with affinity-purified antibody. The label occurs in patches that extend into the filopodia. E, Similar, but sparser, patches labeled by the affinity-purified antibody are observed on the neuronal soma. The labeling appears confined to the cell surface (arrowheads); the large bright area near the nucleus is due to nonspecific labeling by the secondary antibody.
Scale bars, 10 gm (C for A-C). Possible role(s) of the NaKa exchanger in the regulation of neurotransmitter release Neurotransmitter release is triggered by depolarization-activated Ca*+ entry at nerve terminals, and is rapidly reduced by repolarization (half-time = l-2 msec; Katz, 1969) . Pamas and colleagues (Dude1 et al., 1983; Pamas and Pamas, 1988) have suggested that the release process per se is voltage sensitive, although membrane depolarization is not essential for release (Zucker and Land&, 1986; Mulkey and Zucker, 199 1) . Recently, Arechiga and colleagues concluded that the NaXa exchanger did not participate in this voltage-sensitive process because a reduction of the extracellular Na+ concentration from 220 to 110 mM did not affect the rapid inhibition of facilitation that was promoted by sudden hyperpolarization at the crayfish NMJ (Arechiga et al., 1990) . However, 110 mM Na+ is sufficient to saturate the external Na+ sites on the Na/Ca exchanger (Sanchez-Armass and Blaustein, 1987) , so this is not a critical test of the role of the exchanger in terminating transmitter release. The high density of the exchanger at nerve terminals (present results), the large flux of Ca*+ mediated by the voltage-sensitive Na/Ca exchanger at nerve terminals (Blaustein et al., 1991; Fontana and Blaustein, 199 l) , and the apparent voltage sensitivity of transmitter release (Katz, 1969; Dude1 et al., 1983; Pamas and Parnas, 1988) all are consistent with the hypothesis that repolarization-activated extrusion of Ca2+ via Na/Ca exchange may be important for the rapid removal of Ca*+ from Luther et al. -Presynaptic Localization of Na/Ca Exchangers release sites and for the termination of transmitter release. During activation, the greatest rise in [Ca2+lc,, occurs in close proximity to the active zones, where it may transiently reach levels of 20.1 mM (Smith and Augustine, 1988 of transmitter release, or only at more distant sites, where they would be involved in the slightly delayed net extrusion of Ca*+ (Blaustein, 1988a,b) .
